A self-consistent remote sensing physical method to retrieve atmospheric humidity high-resolution profiles by synergetic use of a microwave radiometer profiler (MWRP) and wind profiler radar (WPR) is illustrated. The proposed technique is based on the processing of WPR data for estimating the potential refractivity gradient profiles and their optimal combination with MWRP estimates of potential temperature profiles in order to fully retrieve humidity gradient profiles. The combined algorithm makes use of recent developments in WPR signal processing, computing the zeroth-, first-, and second-order moments of WPR Doppler spectra via a fuzzy logic method, which provides quality control of radar data in the spectral domain. On the other hand, the application of neural network to brightness temperatures, measured by a multichannel MWRP, can provide continuous estimates of tropospheric temperature and humidity profiles. Performance of the combined algorithm in retrieving humidity profiles is compared with simultaneous in situ radiosonde observations (raob's). The empirical sets of WPR and MWRP data were collected at the Atmospheric Radiation Measurement (ARM) Program's Southern Great Plains (SGP) site. Combined microwave radiometer and wind profiler measurements show encouraging results and significantly improve the spatial vertical resolution of atmospheric humidity profiles. Finally, some of the limitations found in the use of this technique and possible future improvements are also discussed.
Introduction
Monitoring of humidity profiles in the lower troposphere has been one of the main goals of recent meteorological research due to its importance for atmospheric dynamics and microphysics. To this aim both passive and active remote sensing techniques have been proposed and successfully applied (Gossard et al. 1982; Stankov et al. 1996; Solheim et al. 1998; MacDonald et al. 2002; Stankov et al. 2003; Ware et al. 2003) .
A major focus of current remote sensing research is to evaluate the capability of these instruments to remotely derive meteorological quantities using sensor synergy ). An appealing application of this concept to the retrieval of high-resolution atmospheric humidity profiles is the synergetic use of ground-based instruments only, such as either a combination of radar wind profilers and Global Position System (GPS) receivers or either a combination of radar wind profilers and microwave radiometers (Stankov et al. 1996; Gossard et al. 1999; Furumoto et al. 2003; Bianco et al. 2003) . In particular, the last approach has significant potential due to the profiling capability of both sensors and the possibility to estimate the atmospheric state in terms of wind, humidity, temperature, and cloud liquid. For what concerns the wind profiler radar (WPR), atmospheric boundary layer parameters currently obtained by Doppler remote sensing system are derived from the first three moments of the measured Doppler spectra (Gossard et al. 1982 (Gossard et al. , 1998 . However, radar signals at most sites often show contamination from other sources, such as ground clutter, intermittent clutter, radio frequency interference, and sea clutter. For the wind, signal-processing techniques have been developed to isolate the true atmospheric signal from the measured spectra (May and Strauch 1989; Wilczak et al. 1995; Cornman et al. 1998; Jordan et al. 1997) . To obtain accurate moments for the desired atmospheric spectral peak, in addition to using a physically based algorithm (Weber et al. 2004) , it is worth using and testing an algorithm that makes use of recent developments in wind profiler radar signal processing, computing the zeroth, first, and second moments of wind profiler radar Doppler spectra via a fuzzy logic method (Bianco and Wilczak 2002) , which provides quality control of radar data in the spectral domain. To retrieve high-resolution humidity profiles in a combined sensor approach, the zeroth, first, and second moments, computed by the fuzzy logic algorithm, can be employed to compute the structure parameter of potential refractivity (C 2 ), the horizontal wind (V h ), and the structure parameter of vertical velocity (C 2 w ), respectively (Stankov et al. 2003) . The quantities C 2 , V h , and C 2 w can then be properly used together to retrieve the potential refractivity gradient profiles (dø/dz).
Microwave radiometer profiler (MWRP) can provide accurate tropospheric water vapor and temperature profiles when operating in the 20-60 GHz (Westwater 1993; Solheim and Godwin 1998) . Both statistical and neural network approaches can be used to retrieve atmospheric profiles by generating synthetic datasets of brightness temperature from radiosonde profile archives processed with radiative transfer models (Schroeder and Westwater 1991; Güldner and Spänkuch 2001; Solheim et al. 1998 ). Significant improvements in radiometric retrieval accuracy and resolution using elevation scanning or adjustments in forward modeling have been reported (Liljegren 2004 ). However, the calibration of MWRP is an issue to be carefully considered (Han and Westwater 2000; . In a combined sensor perspective, microwave radiometer data can be used to estimate the potential temperature gradient profiles (d/dz).
As a final step of a combined retrieval technique, profiles of dø/dz derived from WPR, and d/dz derived from MWRP are sufficient to fully estimate humidity gradient profiles, as suggested by Stankov et al. (1996) . The advantage of such a synergetic humidity retrieval technique is to increase the vertical resolution of ground-based microwave radiometers, without loosing the high accuracy they can provide for integrated values, and to be completely independent from simultaneous radiosonde observations. Simultaneous in situ measurements by radiosonde can be used just as a comparison to check the improvements brought by the combined algorithm in retrieving humidity profiles.
The aim of this work is to set up and to investigate the potential of a combined retrieval algorithm exploiting WPR and MWRP measurements, following the approach described above. Section 2 introduces the instruments involved in this work, the characteristics of the experimental site, and the data analysis applied on the collected measurements. Section 3 gives the basic principles of the theory used for the retrieval of vertical humidity profiles with the combined use of dø/dz, obtained by radar wind profilers, and d/dz, estimated from multichannel microwave radiometers. Section 4 presents results obtained for selected case studies, and discusses the limitations, which could be found in the application of such a technique. Finally, section 5 provides a summary of the results, discussing possible developments for future research.
Site, instruments, and data processing
The empirical sets of WPR and MWRP data were collected at the Atmospheric Radiation Measurement (ARM) Program's Southern Great Plains (SGP) site in Oklahoma (latitude: 36°37ЈN, longitude: 97°30ЈW, altitude: 313 m ASL). In this work we have focused on few case studies: in particular, we considered days 1, 3, 6, 7, and 17 June 2002. Some quantitative results are provided, although an extensive analysis, concerning an extended dataset, is also in preparation and will be a topic of future works.
a. Wind profiler radar
The wind profiler radar is a 915-MHz five-beam radar manufactured by Radian Corporation. It operates by transmitting electromagnetic energy into the atmosphere and measuring the strength and frequency of backscattered energy. It consists of a single-phased microstrip antenna array consisting of nine "panels." The antenna is approximately 4 m square and is oriented in a horizontal plane so the "in-phase" beam travels vertically. Radial components of motion along each pointing direction are determined sequentially. It takes, nominally, 30-45 s (dwell time) to determine the radial components from a single pointing direction. Thus, the system cycles through five beams (south, north, east, west, and vertical) at low power, and then cycles the five beams again at a high power (longer pulse length) setting. Then the whole process is repeated. About 5 min elapse before the system returns to the beginning of its sequence. Within an averaging interval, the estimates from each beam-power combination are saved and these values are examined and compared at the end of the period to determine the consensus-averaged radial components of motion. The model used in this work is the high resolution/low maximum height that sampled the boundary layer from 90-to 2500-m height in the vertical at a 60-m resolution.
THE FUZZY LOGIC RETRIEVAL METHOD
The correct computation of the first three moments of the Doppler spectra from radar wind profiling data is crucial for the use of these instruments to derive parameters other than winds. The mean velocity profile, obtained from the first moment of the Doppler spectrum, was one of the earliest quantities extracted from remote sensing observations. On the other hand, the second moment of the Doppler spectrum (when the radars are pointing vertically) has not been widely exploited, and its use is still in the research and evaluation stage. It is a measure of the broadening of the Doppler spectrum due to a variety of factors, including velocity variance resulting from atmospheric turbulence on scales smaller than the pulse volume. It has the potential to provide profiles of turbulence quantities, such as eddy dissipation rate and structure parameters, continuously in time.
Over the last two decades several attempts have been made to use spectral width from profilers to measure the turbulence intensity without much success (Gossard et al. 1990; Cohn 1995) . This suggests the degree of difficulty of the measurement. The principal problem is related to the fact that contamination by unwanted targets is especially detrimental to second-moment calculations and that other nonturbulent processes also contribute to the broadening. To be able to use the spectral width to measure turbulence intensities, it is necessary to be certain that the entire scatter is due to turbulence. For all these reasons it was found that a new treatment of the radar data was necessary.
Here, we use fuzzy logic to compute the first three moments of the radar Doppler spectrum and the procedure we use is outlined below. Additional details on the implementation of the method, including the mathematical formulations of the membership functions and the rules for applying them, can be found in Bianco and Wilczak (2002) . Fuzzy logic algorithms can be very useful for atmospheric spectral peak recognition, where the data are often contaminated by the presence of nonatmospheric clutter signals. Following the initial idea of Cornman et al. (1998) , we determine the characteristics of different kinds of clutter and atmospheric peaks in real situations and develop an algorithm to differentiate among them.
The construction of the fuzzy logic algorithm begins with a two-dimensional matrix of observations, with dimensions representing the number of range gates and the number of spectral frequency (or velocity) points. For each matrix point several parameters are computed. These parameters are "power density ratio" (ratio of the amplitude of the spectrum at each frequency to a background average minimum spectral level associated with system noise), "gradient" and "curvature" (characterizing the slope of the spectrum along the radial velocity axis), "asymmetry" (defined at each frequency point f, as the absolute value of the difference between the value of the spectrum at ϩf and Ϫf ), "radial velocity values" (used to differentiate the clutter from stationary targets, which will always have small radial velocities, from atmospheric peaks that will typically have larger radial velocities), and "skewness" (defined as the degree of asymmetry of the entire spectrum around zero velocity). Each parameter may be used to determine if a matrix point belongs to a spectral peak, if the point contains clutter, or both. These parameters are used as input for the fuzzy logic algorithm for the spectral peak identification. They are combined together with the use of membership functions and rules. We note that the characteristics of both the membership functions and the sets of rules are based on the principal differences between atmospheric and clutter signals. The skill of the fuzzy logic's algorithms depends on the correct identification of the membership functions to adopt, and on constructing an appropriate set of rules.
At the end of the fuzzy logic procedures we have an output, which is a total score field (i.e., a matrix with dimensions the same as the starting spectral matrix) that gives each spectral point a score. Negative values indicate that the point is influenced by clutter; positive values indicate that it has an atmospheric signal, and near-zero values indicate that the point is part of the noise floor of the spectrum. At each spectral point where the score is negative, the spectral value is replaced by a random noise value determined from the noise characteristics of the original spectrum. The resulting spectrum is then used for the moment's estimation.
As an example, in Fig. 1 we show the time-height cross section of range corrected signal-to-noise ratio (SNR) obtained by the 915-MHz radar for one of the days under observation (1 June 2002). On that day our postprocessing fuzzy logic algorithm outperforms the standard procedure, which uses the method of Strauch et al. (1984) by clearly reducing the noise above the boundary layer. Hereafter time is UTC (local daylight time ϭ UTC Ϫ 5 h).
For the 915-MHz radar wind profiler data used in the present analysis, no fewer than eight individual spectral acquisitions are taken of the vertical beam each hour. Hourly profiles of the potential refractivity gradient (dø/dz) are determined by calculating the hourly median profiles of C 2 and C 2 w obtained by the fuzzy logic spectral peak identification procedure. The postprocessing procedure makes use of the raw spectral data.
Hourly vertical profiles are computed for the hour past the raob launch. The fuzzy logic postprocessing algorithm incorporates information from the vertical profiles of the variance of SNR over the chosen time period and the variance of vertical velocity measured by the vertical beam of the wind profiler over the same time period (Bianco and Wilczak 2002) . In this perspective the time period of one hour was chosen so that the temporal variances are calculated at each range gate from the eight or more subhourly acquisitions.
Vertical profiles of the gradient of the horizontal wind (V h ) are, at a first step, computed using the horizontal components of the wind saved by the profiler in the consensus files. Briefly, consensus averaging consists of determining if a certain percentage (50%) of the values falls within a certain range of each other (2 m s
Ϫ1
for the vertical beam, 3 m s Ϫ1 for oblique beams). If they do, those values are averaged to produce the radial wind estimate. The radial values are then combined to produce the wind profile. The results of this averaging process are what are reported in the consensus data files produced by the ARM data system. Included in these files are height, speed, direction, radial components, number of values in consensus, and SNR.
For the retrieval of the humidity gradient profiles, we first used consensus files as provided by ARM, without additional postprocessing performed on the spectra data. However, in a later step of our analysis, moments (Strauch et al. 1984 ) and (bottom) fuzzy logic.
obtained by the postprocessing procedure have been used to recompute horizontal winds.
b. Microwave radiometer profiler
The multichannel microwave profiler is a frequencysynthesized radiometer (Solheim and Godwin 1998) , manufactured by Radiometrics (TP/WVP-3000). It observes atmospheric brightness temperature (Tb) at 12 frequencies in a region of the microwave spectrum that is dominated by emission of atmospheric water vapor, cloud liquid water, and molecular oxygen. By observing radiated power at selected frequencies in this region, the integrated water vapor (IWV), the cloud liquid water path (LWP), and the profile of temperature and humidity can be estimated . Observation frequencies (22.035, 22.235, 23.835, 26.235, 30.00, 51.25, 52.28, 53.85, 54.94, 56.66, 57.29, 58 .80 GHz) were chosen through eigenvalue analysis to optimize profile retrieval accuracy (Solheim et al. 1998 ).
The radiometer is composed of two separate subsystems in the same cabinet, one for temperature (50-60 GHz) and the other for water vapor (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) profiling that share the same antenna and antenna pointing system. The system includes also surface meteorological sensors measuring air temperature, barometric pressure, and relative humidity, and a vertically pointing infrared thermometer providing cloud base information.
The radiometer output is continuously calibrated with a highly stable noise diode and an internal ambient target used as references, although tipping curves and cryogenic load tests are also often performed (Han and Westwater 2000; .
NEURAL NETWORK-BASED RETRIEVAL Solheim et al. (1998) found through analysis on synthetic datasets that artificial neural network outperforms other inversion methods for retrieving water vapor, cloud liquid water, and temperature profiles from radiometric data. Therefore, the MWRP operational software was developed with the Stuttgart Neural Network Simulator, using a standard back-propagation algorithm for training, and a standard feed-forward network for profile determination. A set of historical radiosondes, launched at the ARM SGP site, has been processed with a radiative transfer model (Schroeder and Westwater 1991) in order to build up a training database for the neural network, based on microwave, infrared, and surface meteorological observations. Although the number of independent measurements (number of radiometric and meteorological measurements) is significantly less than the number of retrieved layers (Güldner and Spänkuch 2001) , profiles are output in 100-m increments altitudes up to 1 km and at 250-m increments from 1 to 10 km. Above about 7 km the atmospheric water vapor density and temperature approach a climatological mean value.
For one of the days under observation (1 June 2002), the time-height cross section of temperature T (K), absolute humidity (g m Ϫ3 ), retrieved by the MWRP, are presented in Fig. 2 . We also show the time-height cross section of potential temperature (K) as derived from the MWRP observations. We show only the first 2500 m in order to match the WPR vertical range and thus compare with Fig. 1 . The temperature shows a clear diurnal variation, with the development of an inversion layer during the night hours up to the 1300 UTC when the convection starts to grow. As a consequence the water vapor scale height increases and the potential temperature transits from stratified conditions to a well-developed mixing within the convective boundary layer.
Combined approach basis
The theory used for the retrieval of humidity profiles from wind profiler observations is well explained in Stankov et al. (2003) and will be briefly recalled here. Following Gossard et al. (1995) , we define potential refractivity ø as
where Q is the specific humidity (g kg
is the potential temperature (K), and p r is the reference pressure (mb). The linearized equation for small perturbations is (Gossard et al. 1995 
where
͑3͒
In this work a 0 and b 0 are computed from vertical profiles of Q and as respectively measured and retrieved by the MWRP. Their values are found to be constant, as already predicted by Gossard et al. (1982) within the vertical range of interest, and particularly a 0 Ϸ 1 and b 0 Ϸ 6, for this dataset.
This gives the vertical profile of humidity gradient as a function of vertical profiles of potential refractivity and potential temperature gradients. By integrating the vertical profile of dQ/dz, we can therefore compute the vertical profile of Q. In our approach we constrain the value of Q at the first level of the profile, which is the first available measurement obtained by the wind profiler, to be equal to the MWRP retrieval at the same level. Moreover, the humidity profile is scaled in order to match the MWRP water vapor content, integrated up to the maximum height reached by the WPR measurement. This is an important step because it guarantees that the original MWRP accuracy for integrated water vapor content is preserved in the product of the combined technique. We follow the approach used by ARM to scale radiosonde measurements by dualchannel microwave radiometer observations (Turner et al. 2003; Westwater et al. 2003) : the absolute humidity profile is scaled by a factor such that the integral up to the top boundary matches the integrated value estimated by the MWRP:
MWRP dp ͵ Psur Ptop WPR dp WPR .
͑5͒
Considering the given definition of the potential temperature, , we can estimate this quantity and its vertical gradient by using the temperature profile as retrieved by the MWRP together with the measurements of surface pressure and a prediction of the atmospheric scale height. Thus, we use the temperature profile retrieved by MWRP and the pressure reading from the MWRP surface sensor. Both error propagation analysis and a statistics over the set of collocated radiosonde and MWRP measurements indicate accuracy better than 5% for estimate of potential temperature profile up to 2 km. Gossard et al. (1982 Gossard et al. ( , 1998 found that for homogeneous isotropic turbulence in a horizontally homogeneous medium with vertical gradients of mean properties, the vertical gradient of potential refractivity is
where V h is the horizontal wind (m s Ϫ1 ), C 2 is the structure parameter of potential refractivity (m et al. (1982) . Note that in Eq. (6) we have the squared vertical gradient of potential refractivity, which therefore cannot be resolved unambiguously. Stankov et al. (2003) determined the sign of the radar-obtained dø/dz by using radiosonde observations. In our approach we are able to compute the same quantity from Eq. (1) using microwave radiometer estimated profiles of Q and T, leaving our retrieval of vertical humidity profiles being completely independent from radiosonde measurements. Radar obtained values of dø/dz are derived combining V h , C 2 , and C 2 w , which are respectively related to the first, zeroth, and second moments' calculation of the radar-derived spectra acquisitions.
Here, V h is obviously related to the estimation of the first moment (Doppler shift) in the spectral data. Vertical profiles of its gradient are, as a first step, computed using values of horizontal components collected in the consensus files by the wind profiler; as a second step they are recomputed on the moments obtained by the postprocessing procedure, and then used in Eq. (6). Here C 2 is related to the structure parameter of refractive index C 2 n (Gossard et al. 1982 ) through the relation
where H is the scale height, C 2 N ϭ C 2 n ϫ 10 12 from definition, and N ϭ (n Ϫ 1) ϫ 10 6 (known as radio refractivity). Therefore, C 2 is related to the estimation of the zeroth moments of the spectral data in accordance with (Stankov et al. 2003) C n 2 ϭ 1.54 ϫ 10 Ϫ13 T 0
In this equation T 0 (system noise temperature), ␣ 2 (which accounts for the losses in the transmission line), P t (transmitted power), n c (the number of coherent integrations), A p (physical antenna area), (radar wavelength), R (range to the target), ⌬R (range resolution) are all known, and ͚ is the SNR estimated from the spectral data. Here C 2 w is related to the second moment of the radar-obtained spectra when only the vertical beam is working; C 2 w is in fact related to the turbulent dissipation rate , which is in turn determined through the correct estimation of the broadening of the spectrum. According to Gossard (1990; see also Gossard et al. 1998) , the broadening of the spectrum is first corrected to contributions due to the shear and to the antenna properties-second, it is necessary to account for the spatial and temporal filtering effects on the Doppler spectrum (White et al. 1999; Gossard et al. 1998) . Figure 3 shows a summary of the variables used in the retrieval of humidity gradient profiles and the result 
Case studies
In this section we analyze measurements collected during June 2002 at the ARM SGP site in order to illustrate the performance of the method on real observations. The data we were able to access were collected by a MWRP and a WPR, which have been introduced, together with the respective retrieval techniques, in section 2. Also, radiosonde balloons were launched at the same site every 6 h.
In Fig. 4 we present results relative to the case study of 2330 UTC 6 June 2002. Vertical gradients of potential refractivity (dø/dz) and of potential temperature (d/dz) as measured by radiosonde and estimated by MWRP are presented together with vertical gradient profiles of specific humidity (dQ/dz), as measured by radiosonde, estimated by MWRP, and obtained by the combination of dø/dz and d/dz as described in Eq. (4).
Raob data are reduced to significant altitudes (relative to the measurements heights of the wind profiler). The profile of dø/dz, as computed with the use of Eq. (6), had the sign ambiguity solved looking at the microwave radiometer estimates of dø/dz profile. This approach makes the technique completely remote-sensed and independent from simultaneous in situ radiosonde measurements. As expected, the vertical resolution achieved by MWRP is much lower than the one of the radiosonde for what concerns both dø/dz and d/dz profiles. Although, coupling WPR and MWRP measurements, we significantly increase the vertical resolution of dø/dz. Moreover, we point out that values of d/dz are about one order of magnitude smaller than values of dø/dz, and thus of second order with respect to dø/dz in Eq. (4). Finally, in Fig. 4d are shown profiles of specific humidity, as measured by radiosonde, retrieved by MWRP and obtained by integrating dQ/dz profile retrieved by the combined technique. Note that the value of Q at the first level of the profile and its integrated value up to the maximum height reached by WPR measurements are constrained considering equivalent quantities estimated by MWRP, in order to make the most of the well established accuracy for integrated content retrieval by microwave radiometry. The vertical profile of Q derived with the combined technique seems to correct for the artifact shown by the MWRP estimate between 600 and 1200 m and to follow better the trend shown by the radiosounding. Hereafter altitude is given in meters above the ground level (AGL). Differences in the radiosonde and MWRP humidity sensor measurements in the first level lead to a bias that remains present along the entire vertical range. This difference might be related to random error affecting the two independent sensors, but also to the small-scale variability of the humidity field. Also, some kinds of radiosonde humidity sensors have found to be biased. For example, Turner et al. (2003) analyzed an ensemble of 6-yr ARM SGP radiosondes (1994) (1995) (1996) (1997) (1998) (1999) (2000) , and found differences of greater than 25% in IWV, when considering data from dual-sonde soundings. Since September 2000, the operational radiosondes deployed at ARM SGP belongs to a new generation packaging, which is supposed to increase the quality of humidity measurements (Cimini et al. 2002) , although a systematic analysis is still under study. Figure 5 presents the same plots as in the previous, but for the case study of 2330 UTC 7 June 2002. Figure  5d shows that the combined technique follows better the sharp humidity drop measured by radiosonde, although there is a vertical shift of about 100 m, as also revealed by the vertical profiles of dQ/dz. However, as shown by Bianco et al. (2003) , the height of the peak in the WPR-MWRP dQ/dz profile is consistent with the fact that the refractive index structure parameter (C 2 n ) presents a local maximum at the entrainment zone at some 1650 m for the same hour. Thus, the vertical shift between the two measurements might be related to horizontal drift of the balloon rather than to a displacement of the combined technique estimate. 958 enhanced vertical structure compared to the original MWRP retrieval, following in greater detail the radiosonde observation. Indeed, the sharp humidity drop at 1400 m is well detected both in intensity and vertical position. However, we note that the vertical profile of Q estimated by the combined technique presents a sharp gradient below 300 m, which does not exhibit either in radiosonde or in MWRP observations. We believe this is related to a peak in the vertical squared gradient of the horizontal wind [(dV h /dz) 2 ] revealed at the same height, as we demonstrate below. Figure 7 presents two examples (2130 UTC 3 June 2002; 2330 UTC 3 June 2002) in which the combined algorithm seems to not outperform the MWRP in retrieving the vertical humidity profile, when we compare with radiosonde observations. In the first case, our method does not bring any improvement with respect to the MWRP retrieval. In the second case, it is evident how the combined technique identifies a strong gradient below 300 m, which is not present in the radiosounding. In both cases the remote observations estimates clearly miss the sharp and well-defined humidity gradients centered around 1700-1800 m detected by in situ measurements.
It is worth mentioning that spatial and temporal differences in the radiosonde and radiometer measurements can be significant, particularly during convective or broken cloud conditions. During the ascension, the radiosonde is subject to wind drifting and usually departs from the vertical direction. In this perspective, the radiosonde may measure particular conditions in a volume that is not in the field of view of the MWRP and WPR. However, for the two cases in Fig. 7 , no cloud or strong convective conditions were observed, as depicted by the time-height cross sections of radiometric retrievals shown in Fig. 8 . Thus, we believe that the disagreement between in situ and remote estimates in Fig. 7 is not mainly related to radiosonde wind drifting.
To track down the reasons for this disagreement, we investigate in greater detail the various contributions to the computation of dQ/dz.
Hourly radar-obtained vertical profiles for C obtained directly from the radar-derived consensus files and thus no postprocessing procedures are applied. In Fig. 9c we also plot the vertical profile of (dV h /dz) 2 as measured by radiosonde. The lack of data in the vertical profiles (Figs. 9c-e) between 400 and 500 m is due to the consensus algorithm screening, which did not find enough valid measurements for the radial velocities over the considered period. Large differences are evident below 400 m where the WPR detects a strong gradient that is not present in the radiosounding. On the other hand, the same profile shows several relatively strong peaks between 900 and 1400 m. By solving Eq. (6) with the two profiles of (dV h /dz) 2 , we obtain different values of dø/dz, as illustrated in Fig. 9d . In the case of using (dV h /dz) 2 from the consensus file we note a sharp gradient near the surface, which is not revealed when using the (dV h /dz) 2 profile as measured by radiosonde. The opposite happens around 1900-m height where the dotted line seems to reproduce the sharp peak of C 2 . In the same figure are shown vertical profiles of dQ/dz as obtained from Eq. (4) via dø/dz profiles, and as computed from radiosonde observations. Comparing Figs. 9d and 9e it is evident how dQ/dz, obtained from Eq. (4), preserves the same structural features of dø/dz. Finally, vertical specific humidity profiles are also presented.
The poor performances in the combined technique could be attributable to the strong and rather inaccurate peculiarities of (dV h /dz) 2 as obtained from WPR consensus files. Indeed, substituting in situ measurements of (dV h /dz) 2 in Eq. (6), we can correct inadequacies both at low and high altitudes.
As another example in Fig. 10 we show the case of 2130 UTC 3 June 2002. The radar detects again a strong gradient of V h below 400 m. This feature is not present in the radiosonde sounding. Differences in these two profiles impact the humidity profile retrieval (Fig. 10f) . The bias between the in situ and remotely sensed profiles increases with height because of the features just mentioned. On the other hand, using (dV h /dz) 2 derived from the radiosonde definitely improves the estimate of Q when compared with in situ measurements. A possible way to tackle some deficiencies of the combined technique, as illustrated before, could be to generate the consensus file directly from the raw spectral moment data, as computed on the postprocessed spectra via the fuzzy logic approach. In this perspective all the cases have been reanalyzed using, in Eq. (6), (dV h /dz) 2 recomputed from the moments obtained by the postprocessing procedure. Figure 11 shows a summary of the results for each case study and a comparison between the different methods. Vertical humidity profiles are obtained for 1 June (2330), 3 June (2130), 3 June (2330), 6 June (2330), 7 June (2330), and 17 June (2330). The line representing vertical humidity profiles retrieved using in Eq. (6) radar-derived (dV h /dz) 2 from original consensus files is denoted by "WPR-MWRP"; the one representing vertical humidity profiles retrieved using in Eq. (6) postprocessed radar-derived (dV h /dz) 2 from recomputed consensus files is denoted by "WPR FL-MWRP"; the line relative to Q retrieved from MWRP observations is denoted by "MWRP"; finally, the line representing Q as measured by radiosonde is denoted by "RAOB". Profiles relative to cases 3 June (2130), 3 June (2330), and 17 June (2330) seem to follow more closely radiosonde data even if for the cases study 1 June (2330), 6 June (2330), and 7 June (2330) such improvement is no apparent.
Although the scope of this work was essentially to introduce the potential of this physical self-consistent remote sensing technique, a first statistical analysis of the results is presented in Table 1 . However, we stress the fact that these statistics do not represent a definite validation due to the limited number of considered case studies. 2 [solid line is retrieved using (dV h /dz) 2 from consensus files and dotted line using (dV h /dz) 2 from radisonde]; (e) retrieved humidity gradient profiles (dQ/dz) obtained from the combination of the previous variables with the use of Eq. (4) in which for the solid line, with triangles at measurement heights, (dV h /dz) 2 is the radar-derived one, for the dotted line (dV h /dz) 2 is the raob-measured one, and the solid thin line represents dQ/dz measured by radiosonde; and (f) vertical humidity profiles (Q) obtained from the integration of the various dQ/dz.
The statistics compare vertical humidity profiles as measured by radiosonde and remote sensing techniques. We show results for humidity profiles obtained using MWRP only, MWRP and WPR with (dV h /dz) 2 obtained from the original consensus radar data (WPR-MWRP), and MWRP and WPR with (dV h /dz) 2 obtained from postprocessed radar data (WPR FL-MWRP). The statistics are relative to the entire set of the analyzed cases and they include correlation coefficients of radiosonde and remote sensing humidity profiles, and mean values; standard deviation, and rootmean-square of the differences of the two.
The value of the mean difference given by WPR FL-MWRP confirms that this method is in mean as accurate as the MWRP. On the other hand the proposed method improves by a 10% both the value of the standard deviation and of rms with respect to microwave passive techniques. Moreover, the WPR FL-MWRP shows a slightly improved correlation compared to microwave radiometer alone.
Overall, the proposed method, with the fuzzy logic postprocessed consensus files, outperforms both the passive technique and the combined method that makes use of the original consensus radar files, but an extensive validation on a larger dataset is opportune in order to quantitatively estimate the improvements brought by the proposed technique.
Summary and conclusions
In this paper we presented a technique for improving resolution and accuracy of atmospheric humidity profiling based on the combination of passive and active remotely sensed measurements. This self-consistent remote sensing physical method relies on the relationship between the gradients of the specific humidity, potential refractivity, and potential temperature as described by Eq. (5) (Stankov et al. 2003) . The described approach has the advantage that it is independent from in situ measurements, although we compare with radiosoundings for validation purposes. In fact, we derive the potential refractivity gradient from wind profiler ra- dar (WPR) data, while potential temperature gradient is estimated from multichannel microwave radiometer profiler (MWRP) observations. The empirical set of data was collected during June 2002 at the Atmospheric Radiation Measurement (ARM) Program's Southern Great Plains (SGP) site in Oklahoma from a 915-MHz wind profiler and a MWRP. We postprocessed the raw measurements from the two instruments using recent developments in data analysis including fuzzy logic (Bianco and Wilczak 2002) and neural networks (Solheim et al. 1998) .
We focused our attention on some case studies, although an extensive analysis, concerning the whole dataset, is in preparation. Particularly, for cases during 6, 7, and 17 June (Figs. 4, 5 , and 6), we showed that the combined technique is able to capture sharp gradients in the humidity profiles, enhancing the vertical resolution of the MWRP estimates, as demonstrated by the comparison with simultaneous radiosoundings. Moreover, the humidity profiles retrieved with the combined technique keep the well-known accuracy of microwave radiometry for integrated water vapor content, as we used this information as a constraint. The use of WPR by itself, or in combination with a Radio Acoustic Sounding System (RASS) for potential temperature estimates, would not guarantee this advantage. Even adding a GPS receiver, it would provide the total, not the partial, integrated water content. However, an array of GPS receivers could provide humidity vertical structure by tomography, as discussed by MacDonald et al. (2002) .
The proposed technique has the limit to work well during convective periods, when the turbulence is well developed. This explains why case studies analyzed in this work happened all around 2200 UTC. However, even limiting our sample to these hours, we experi- enced several unsatisfactory cases in which the combined technique did not outperform MWRP estimates, as reported in Fig. 7 . In a deeper analysis (Figs. 9 and 10) we found out that the use of vertical gradients of the horizontal wind as computed by standard consensus algorithms strongly influences the quality of the humidity profile retrieval. For this reason we decided to use reprocessed consensus files derived from moments data, as computed on the postprocessed spectra. In this perspective all the cases have been reanalyzed comparing different methods and a statistical analysis on the case study has been performed.
Possible improvements of the proposed technique concern both data processing and experimental setup. On the first side, we could use a statistical, rather than analytical, approach to derive the humidity profile from the remote observations . Although other investigators (Gossard et al. 1999) found a good agreement comparing the two methods, the statistical approach provides tools for making the estimate possibly more robust. On the other hand, we have to consider that the present experimental setup was not designed for this purpose, and much shrewdness could be adopted for the purpose. As pointed out by Stankov et al. (2003) , the more powerful 449-MHz radar system performs better than the 915 MHz one, due to its narrower beam. Also, by increasing the number of points in the spectral domain of the WPR acquisition, we would obtain a better resolution on the vertical radial velocity computation, which could improve the retrieval of the structure parameter of vertical velocity. Further improvements might come from the optimization of other settings, such as the dwell time. Moreover, ground-based MWRP estimates of temperature and humidity profiles could be further improved by coupling these measurements with those available from other sensors, such as satellite radiometers and ground-based Raman lidars.
In summary, we presented a technique, developed first by Gossard et al. (1982) and then by Stankov et al. (1996 Stankov et al. ( , 2003 , for the retrieval of specific humidity profiles, and we adapted it in order to rely only on remote observations, thus being completely independent from in situ measurements. We illustrate the performance of the method on real observations by comparing with simultaneous radiosoundings. We showed how the active-passive combined approach can increase the vertical resolution by capturing sharp gradients in the humidity profile without degrading the original accuracy for passive integrated content retrieval. We also presented two cases in which the combined technique was unsatisfactory, and we gave a hint for likely causes. The proposed method outperforms the technique based on passive observations, but an extensive validation on a larger dataset must be performed in order to quantitatively estimate the improvements brought by the proposed technique.
Finally, we discussed possible improvements both in the data processing and in the experimental setup, which might be considered in our future research. 
